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INTRODUCTION 

Perfluoro-n-decanoic  acid  (PFDA)  is  a  ten  carbon  straight-chain  perfluorinated  carboxylic 
acid  whose  surfactant  properties  give  it  and  chemically  similar  compounds  important  commercial 
application.  Previous  studies  of  PFDA’s  toxicity  showed  that  a  single  50mg/kg  i.p.  dose  (1) 
induces  significant  weight  loss  characterized  by  hypophagia  (3),  hepatomegaly,  peroxisome 
proliferation  (4-6),  and  delayed  lethality  in  rats.  Additional  observations  have  led  to  the  notion 
that  PFDA  interferes  with  normal  (3-oxidation  of  fatty  acids  resulting  in  an  accumulation  of  fatty 
acids  in  the  cell  (2).  As  a  result  of  this  accumulation,  peroxisomes  proliferate  as  a  prominent 
feature  of  compensatory  [3-  (7,8)  and  (o-oxidative  inductions  (9,10). 

Previous  electrophoretic  investigations  conducted  in  this  laboratory  demonstrated  that 
several  proteins  in  the  two-dimensional  pattern  from  rat  liver  whole  homogenates  were  variably 
affected  by  in  vivo  PFDA  exposure  (11,12).  It  was  assumed  that  these  protein  alterations  could 
be  viewed  as  indicators  of  PFDA’s  toxic  effect  and  in  some  way  related  to  its  hepatotoxic 
mechanism.  With  regard  to  these  initial  observations,  the  first-year’s  objectives  of  the  present 
three  year  investigation  were  developed.  Restated  from  the  original  proposal: 

During  the  first  year  of  the  investigation  we  will  incorporate  the  newly  acquired  ISO- 
DALT  system  and  staining  techniques  into  our  recently  renovated  and  expanded 
laboratory  facilities,  instruct  the  technical  assistants  in  the  use  of  this  equipment,  and 
confirm  our  earlier  findings.  Gels  obtained  from  initial  experiments  will  be  used  to  train 
the  Research  Technician  to  use  the  Kepler  Imaging  System  as  per  our  collaborative 
arrangement  with  Lilly  Research  Laboratories,  Eli  Lilly  and  Company.  The  Research 
Technician  as  well  as  the  undergraduate  assistant  will  also  learn  how  to  make  permanent 
records  of  the  gel  patterns  using  gel  drying  apparatus  and  newly  acquired  photographic 
equipment. 

The  early  two-dimensional  electrophoretic  studies  of  PFDA  toxicity  examined  only  those 
proteins  with  isoelectric  points  between  pH  4-7.  Generally,  most  proteins  with  pi’s  greater  than 
7  are  poorly  resolved  under  standard  2D  conditions.  Unfortunately,  this  basic  group  includes  the 
cytochrome  P-450  family  as  well  as  many  of  the  |3-oxidative  enzymes.  A  secondary  objective 
evolved  as  the  initial  phases  of  this  investigation  were  underway: 

Based  on  our  most  current  understanding  of  PFDA’s  hepatic  effects  and  because  of  early 
success  in  meeting  the  initial  goals,  the  balance  of  our  efforts  were  intended  to  analyze 
basic  proteins  associated  with  subcellular  compartments  as  indicators  of  PFDA-mediated 
alterations  in  mitochondrial  and  peroxisomal  lipid  oxidation.  Proteins  from  isolated 
microsomes  and  mitochondria  were  to  be  prepared  and  separated  on  two-dimensional 
gels  using  the  large-scale  ISO-DALT  system.  The  hepatic  proteins  with  basic  pi’s  could 
thus  be  separated  via  nonequilibrium  pH-gradient  electrophoresis  (NEPHGE)  and  later 
on  second-dimension  gel  slabs  in  the  presence  of  SDS. 


MATERIALS  AND  METHODS 
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Animal  Care  and  Intoxication.  Male  Fisher-344  rats  were  obtained  from  Charles  river 
Breeding  Labs,  individually  housed,  and  maintained  on  rat  chow  and  water  ad  libitum .  Rats 
were  injected  with  a  single  intraperitoneal  dose  of  2,  20,  50,  or  100  mg  PFDA/kg  body  weight; 
75,  100,  150  mg  PFOA/kg  (eight  carbon  analog);  or  3  successive  daily  doses  of  400  mg 
clofibrate/kg.  Matched  control  rats  were  vehicle  injected  and  pair  fed.  After  8  days  of 
exposure,  rats  were  sacrificed  by  halothane  anesthesia  and  livers  removed. 

Sample  Preparation.  Liver  samples  were  removed  from  similar  lobes  in  each  rat;  one 
minced  and  homogenized  in  4  volumes  of  a  lysis  buffer  containing  9M  urea,  4%  NP-40,  2%  (3- 
mercaptoethanol,  and  2%  ampholytes  (Serva  pH  9-11)  pH  9.5  for  ISO-DALT  electrophoresis 
(13).  Microsomal  and  mitochondrial  fractions  were  prepared  from  a  second  sample 
homogenized  in  sucrose  by  differential  centrifugation.  These  fractions  were  then  solubilized  in  a 
lysis  buffer  containing  9M  urea,  4%  NP-40  detergent,  2%  {3-mercaptoethanol,  2%  ampholyte 
(Serva  pH  2-11)  at  pH  3.0  (13)  for  nonequilibrium  pH-gradient  electrophoresis  (NEPHGE-DALT 
electrophoresis).  After  complete  solubilization,  samples  were  centrifuged  at  1 10,000  x  g  and 
stored  at  -70°C. 

Two-dimensional  Electrophoresis.  Using  the  Anderson  ISO-DALT  System  (13),  30pL  of 
solubilized  protein  was  placed  on  each  of  20  first  dimension  gels  (25cm  x  1.5mm)  containing 
4%  acrylamide,  2%  NP-40  (1%  NP-40  and  1%  dodecyl  maltoside,  NEPHGE),  2%  ampholyte 
(ISO:  BDH  pH  4-8;  NEPHGE:  LKB  pH  3.5-10)  and  electrophoresed  (ISO:  27,000  VHr, 
NEPHGE:  4,000  VHr).  Each  first  dimension  gel  was  then  placed  on  a  second-dimension  DALT 
slab  gel  (20cm  x  25cm  x  1.5mm)  containing  a  linear  9-17%  acrylamide  gradient  along  with 
molecular  weight  standards  on  the  gel  margin.  DALT  gels  were  run  for  18hr  at  4°C  and  later 
stained  with  Coommassie  brilliant  blue  G-250  (14).  Protein  patterns  on  some  gels  were 
electroblotted  onto  nitrocellulose  for  immunological  identification  of  specific  proteins.  All 
stained  gels  and  protein  blots  were  photographed  on  a  fluorescent  light  box  with  Kodak 
Panatomic-X  film  and  printed  on  Ilford  Multigrade  III  photographic  paper. 

RESULTS 

Figure  1  (a-d)  illustrates  ISO-DALT  gel  photos  illustrating  the  2D  protein  patterns  from 
rats  treated  with  20  and  50mg  PFDA/kg  body  weight  as  well  as  the  vehicle  injected/pair-fed 
controls  and  ad  lib- fed  noninjected  controls.  By  convention,  the  acidic  (anodic)  ends  of  the  ISO 
gels  were  placed  to  the  left  and  the  basic  (cathodic)  ends  to  the  right  of  the  DALT  gels.  Thus 
the  proteins  with  acidic  pi’s  are  located  nearer  the  left  side  of  the  photos  and  basic  proteins  to 
the  right.  In  the  vertical  dimension,  high  molecular  weight  (MW)  proteins  appear  near  the  top 
while  low  molecular  weight  proteins  migrate  toward  the  bottom  of  the  gels.  Replicate  gels 
containing  carbamylated  creatine  kinase  charge  standard  (15)  and  molecular  weight  standards  (in 
kDa)  are  not  shown  although  they  were  used  to  identify  some  of  the  proteins  in  this  figure  based 
on  hepatic  proteins  previously  characterized  by  others.  Other  protein  spots  in  Figure  1  were 
given  numerical  identification  based  on  their  mobility  relative  to  the  MW  standards  and  these 
reflect  their  apparent  molecular  weight.  The  protein  indicated  with  arrows  and  numerical 
identification  were  altered  consistently  in  five  replicate  samples  while  the  encircled  proteins  were 
altered  in  some  samples  but  not  in  others.  Though  neither  densitometric  nor  image  analyses 
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were  conducted,  it  can  be  assumed  that  a  change  in  spot  volume  or  intensity  corresponds  to  a 
quantitative  change  in  protein  expression,  i.e.  bigger  spot,  more  protein  and  vice  versa. 

In  a  and  b,  no  differences  between  pair-fed  (b)  and  ad  lib- fed  treatments  were  detectable. 
In  addition,  two  major  cytoskeletal  elements  acdn  and  tubulin  (a  and  P)  were  unaffected  by 
either  PFDA  dose  (c  and  d).  As  the  gel  photos  indicate,  albumin  (A1  in  a  and  d;  MW  66kDa) 
spot  intensity  appears  inversely  related  to  PFDA  dose.  In  contrast  to  albumin’s  reduction,  the 
intensity  of  mitochondrial  proteins  Ml,  M2,  and  M3  (16)  was  increased  by  PFDA  exposure. 

Proteins  with  unknown  identity  were  also  altered  by  PFDA  treatment  Foremost  among 
those  induced  were  those  labelled  30.3,  40.8,  S2.S,  69,  and  80.  Several  proteins  (29,  35,  36.3, 
and  38.7)  were  reduced  in  intensity.  Of  particular  interest  were  alterations  which  appeared 
related  to  PFDA  dose.  These  include  dose-related  reductions  in  protein  35,  36.3,  and  38.7  and 
inductions  in  30.3,  40.8,  52.5,  and  69.  Other  altered  proteins  were  up-  or  down-regulated 
without  regard  to  PFDA  dose.  The  results  illustrated  in  Figure  1  represent  the  achievement  of 
our  initial  objective;  that  is  to  reproduce  earlier  findings  obtained  using  a  small  scale  2D 
approach  with  less  sophisticated  instrumentation. 

The  most  recent  results  are  illustrated  in  Figures  2-8.  While  Figure  1  illustrates  only 
those  proteins  with  isoelectric  points  between  pH  4-7,  approximately,  Figures  2-8  illustrate  the 
results  of  recent  nonequilibrium  pH  gradient  electrophoresis  studies  in  which  proteins  with  pi’s 
greater  than  7  were  examined.  This  basic  group  of  proteins  includes  many  of  the  cytochrome 
P450  family  and  numerous  enzymes  of  fatty  acid  oxidation.  Figures  2-8  are  labelled  as  to  the 
cell  fraction  from  which  the  proteins  were  prepared,  their  treatment,  and  dose.  Proteins 
conclusively  identified  by  immunological  means  or  tentatively  based  on  literature  values  (17) 
were  labelled  as  follows:  (A)  peroxisomal/microsomal  enoyl-CoA  hydratase  (bifunctional 
enzyme;  80kDa);  (B)  cytochrome  P452  (lauric  acid  co-oxidase;  52kDa);  (C)  peroxisomal  enoyl- 
CoA  hydratase  polypeptide  I  (39.5kDa);  (D)  peroxisomal  enoyl-CoA  hydratase  polypeptide  II 
(35kDa);  (E)  3-ketoacyl-CoA  thiolase  (44.5kDa);  (F)  mitochondrial  enoyl-CoA  hydratase 
(crotonase;  27kDa);  and  (G)  unknown  (32kDa).  Only  the  identity  of  cyt  P452  has  been 
immunologically  confirmed;  others  will  soon  be  investigated. 

DISCUSSION 

These  results  demonstrate  significant  PFDA-induced  effects  on  the  2D  protein  pattern  of 
both  rat  liver  homogenates  and  specific  cell  fractions.  Previous  investigations  have  concluded 
that  PFDA  hepatotoxicity  involves  compromised  lipid  metabolism,  altered  mitochondrial  function 
and  altered  plasma  membrane  phenomena.  All  are  thought  to  be  related  to  PFDA’s  integration 
into  cellular  membrane  systems.  Recent  notions  suggest  PFDA  blocks  normal  P -oxidation  of 
fatty  acids  resulting  in  fatty  acid  accumulation.  The  present  results,  especially  the  most  recent 
NEPHGE-DALT  studies  of  microsomal  and  mitochondrial/peroxisomal  protein  patterns  support 
the  idea  that  in  order  to  compensate  for  the  p-oxidative  impairments,  peroxisomal,  microsomal, 
and  mitochondrial  P-  and  o)-oxidative  enzymes  are  induced  (Fig.  1:  Ml,  M2,  M3  and  Figs.  2-8 
A-F).  In  this  respect  PFDA  parallels  clofibrate,  a  known  hypolipidemic  agent  and  peroxisome 
proliferator. 

These  data  serve  to  confirm  previously  held  notions  regarding  PFDA’s  hepatotoxicity.  It 
is  clear  that  the  2D-PAGE  approach  is  a  significant  tool  in  the  elucidation  of  xenobiotic 
mechanisms.  As  a  result  of  these  first-year  studies,  the  research  plan  is  well  grounded  to 
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support  the  accomplishment  of  future  objectives,  the  identification  of  many  of  the  protein 
alterations  involved  in  PFDA  hepatotoxicity,  elucidation  of  the  underlying  mechanism,  the 
contribution  of  these  data  to  a  global  liver  protein  database,  and  the  future  application  of  this 
approach  to  other  tissues  and  other  toxic  chemicals  of  interest  to  the  Air  Force. 


Publications  resulting  from  this  effort: 

Hepatic  protein  alterations  following  perfluorodecanoic  acid  exposure  in  rats.  Witzmann, 
F.A.  and  Parker,  D.N.  Toxicology  Letters  (in  press)  1991. 

Dodecyl  maltoside  detergent  improves  the  resolution  of  hepatic  membrane  proteins  on 
two-dimensional  gels.  Witzmann,  F.A.,  Jamot,  B.J.,  and  Parker,  D.N.  Electrophoresis 
(in  preparation)  1991. 

Effect  of  perfluoro-n-decanoic  acid  on  hepatic  lipid  oxidative  enzymes:  A  two- 
dimensional  electrophoretic  analysis.  Witzmann,  F.A.,  Jamot,  B.J.  and  D.N.  Parker. 
Toxicology  Letters  (in  preparation)  1991. 

Papers  presented  at  scientific  meetings: 

Two-dimensional  electrophoretic  analysis  of  PFDA  hepatotoxicity.  Witzmann,  F.A., 
DelRaso,  N.  and  George,  M.  at  the  29*  Annual  Meeting  of  the  Society  of  Toxicology, 
February  12-16,  1990  in  Miami  Beach  EL.  Published  as  an  abstract  in  The  Toxicologist 
10:251,  1990. 

Induction  of  cytochrome  P452  in  liver  cell  fractions  by  perfluoro-n-decanoic  acid:  an 
electrophoretic  analysis.  Witzmann,  F.A.  and  D.N.  Parker.  Presented  at  the  North 
American  Meeting  of  the  International  Society  for  the  Study  of  Xenobiotics,  October  1990 
in  San  Diego  CA. 

Two-dimensional  protein  electrophoresis:  Hepatotoxic  applications.  Witzmann,  F.A. 
Presented  at  the  Society  of  Environmental  Toxicology  and  Chemistry  Annual  Meeting, 
November  1990  in  Alexandria  VA. 

Induction  of  an  80kDa  protein  in  rat  liver  homogenates  and  cell  fractions  by  perfluoro-n- 
decanoic  acid.  Witzmann,  F.A.  and  Parker,  D.N.  Presented  at  the  30*  Annual  Meeting  of 
the  Society  of  Toxicology,  February  25-March  1,  1991  in  Dallas  TX. 

Hepatotoxicity  of  perfluorinated  compounds  in  male  rats:  2D-PAGE  analysis.  Witzmann, 
F.A.  and  Parker,  D.N.  To  be  presented  at  the  International  2D-PAGE  Conference, 
London,  England  July  16-19,  1991. 


Page  7 


Perfluoro-n-decanoic  acid  toxicity  in  the  rat  liver:  Two-dimensional  electrophoretic 
analysis.  Witzmann,  F.A.  To  be  presented  as  an  invited  selected  topics  speech  as  part  of 
the  section.  Molecular  Pathology:  Applications  to  the  Study  of  Xenobiotic  Effects  in 
Animal  Testing  at  the  43n<  National  Meeting  of  the  American  Association  for  Clinical 
Chemistry,  July  28-August  1,  1991  in  Washington  DC. 


BIBLIOGRAPHY 


Page  8 


1.  Andersen,  M.E.,  Baskin,  G.  and  Rogers,  A.M.  The  Toxicologist  1:16,  1981. 

2.  George,  M.E.  and  Andersen,  M.E.  Toxicol.  Appl.  Pharmacol.  85:169-180,  1986. 

3.  Olson,  C.T.  and  Andersen,  M.E.  Toxicol.  Appl.  Pharmacol.  70:362-372,  1983. 

4.  Harrison,  E.H.,  Lane,  J.S.,  Luking,  S.,  VanRafelgehm,  M.J.  and  Andersen,  M.E.  Lipids 
23:115-119,  1988 

5.  Ikeda,  T.,  Aiba,  K.,  Fukuda,  K.  and  Tanaka,  M.  J.  Biochem.  98:475-482,  1985. 

6.  VanRafelgehm,  M.J.,  Mattie,  D.R.,  Bruner,  R.H.,  and  Andersen,  M.E.  Fund.  Appl.  Toxicol. 
9:522-540,  1987. 

7.  Shindo,  Y.,  Osumi,  T.,  and  Hasimoto,  T.  Biochem.  Pharmacol.  27:2683-2688,  1978. 

8.  Osmundsen,  H.  in  "Peroxisomes  and  Glyoxysomes",  Annal.NY  Acad.  Sci.  386:13-18,  1982. 
Eds.  H.  Kindi  and  P.B.  Lazarow. 

9.  Gibson,  G.G.,  Orton,  T.C.  and  Tamburini,  P.P.  Biochem.  J.  203:161-168,  1982. 

10.  Sharma,  R.,  Lake,  B.G.,  Gibson,  G.G.  Biochem.  Pharmacol.  37:1203-1206,  1988. 

11.  Witzmann,  F.,  DelRaso,  N.,  and  George,  M.  The  Toxicologist  10:251,  1990. 

12.  Witzmann,  F.A.  and  Parker,  D.N.  Toxicol.  Letters  (in  press)  1991. 

13.  Anderson,  N.L.  Two-dimensional  Electrophoresis:  Operation  of  the  ISO-DALT  System , 
Large  Scale  Biology  Press,  Washington  DC,  pp.  3-15,  142,  1988. 

14.  Neuhoff,  V.,  Arold,  N.,  Taube,  D.,  and  Ehrhardt,  W.  Electrophoresis  9:255-262,  1988. 

15.  Tollaksen,  S.L.,  Edwards,  J.J.,  and  Anderson,  N.G.  Electrophoresis  2:161-168,  1981. 

16.  Anderson,  N.L.,  Nance,  D.L.,  Tollaksen,  S.L.,  Giere,  F.A.,  Anderson,  N.G.  Electrophoresis 
6:592-599,  1985. 

17.  Hashimoto,  T.  in  "Peroxisomes  and  Glyoxysomes",  Ann.  NY  Acad.  Sci.  386:5-12,  1982.  Eds. 
H.  Kindi  and  P.B.  Lazarow. 


FIGURE  2. 


HEPATIC  MICROSOMES  -  CONTROL 
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FIGURE  3. 
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HEPATIC  MICROSOMES  -  PFDA-TREATED  50mg/kg 


FIGURE  4. 


HEPATIC  MICROSOMES  -  PFOA-TREATED  lOOmg/kg 
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HEPATIC  MICROSOMES  -  CLOFIBRATE-TREATED 


FIGURE  6. 
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FIGURE  7. 
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